Flaviviruses have a spherical capsid that is composed of multiple copies of a single capsid protein and, in contrast to the viral envelope, apparently does not have an icosahedral structure. So far, attempts to isolate distinct particulate capsids and soluble forms of the capsid protein from purified virions as well as to assemble capsid-like particles in vitro have been largely unsuccessful. Here we describe the isolation of nucleocapsids from tick-borne encephalitis (TBE) virus and their disintegration into a capsid protein dimer by high-salt treatment. Purified capsid protein dimers could be assembled in vitro into capsid-like particles when combined with in vitro transcribed viral RNA. Particulate structures could also be obtained when single-stranded DNA oligonucleotides were used. These data suggest that the dimeric capsid protein functions as a basic building block in the assembly process of flaviviruses.
The genus Flavivirus in the family Flaviviridae comprises about 70 distinct viruses, most of which are transmitted by mosquitoes or ticks to their vertebrate hosts. Several of these viruses are important human pathogens, including yellow fever virus, dengue virus, Japanese encephalitis virus, West Nile virus, and tick-borne encephalitis (TBE) virus. Flaviviruses are spherical enveloped positive-stranded RNA viruses with a diameter of 50 nm that are composed of multiple copies of only three different proteins, designated C (capsid), E (envelope), and prM/M (precursor of membrane protein and membrane protein, respectively) (21) . The genomic RNA is approximately 11,000 nucleotides long and functions as the sole viral mRNA in infected cells. Translation of the single long open reading frame gives rise to the structural and nonstructural (NS) viral proteins, with the structural proteins encoded in the 5Ј-terminal third of the genome in the order C-prM/M-E. The intracellular assembly of flaviviruses is not precisely understood but is believed to take place at the endoplasmic reticulum, because in infected cells, viral particles first become visible in this compartment by electron microscopy (EM) (5, 10, 15, 30, 35, 36) . The primary assembly products are immature particles that contain the prM protein and are noninfectious (6, 9, 13, 32, 41) . Infectivity is generated through the proteolytic cleavage of prM by a cellular protease (presumably furin [37] ) in the transGolgi network shortly before the release of virions by exocytosis. The role of the 11-kDa capsid protein in virus assembly is ill defined and still a matter of speculation (26) . It is first synthesized as a membrane-associated protein (anchored C), and the final cytoplasmic form is generated by cleavage of the membrane anchor by the viral NS2A/NS3 protease (2, 19, 22, 31, 43) . The processed C protein is believed to remain membrane associated through an internal hydrophobic sequence (26) . The high content of basic amino acids is consistent with its potential to interact with RNA in the process of viral core formation. Since fully formed capsids are almost never found in flavivirus-infected cells, it has been suggested that virus particle formation is a coordinated process that is driven by interactions between the membrane-associated C protein (probably coupled to the RNA replication complex) and the two membrane proteins (21) . The mechanism of this process is believed to be regulated by proteolytic cleavage events in the membrane-associated polyprotein precursor (19, 34) .
A wealth of new information concerning the structure of flaviviruses has become available recently. This includes the atomic structures of the E proteins of TBE virus and dengue virus (27, 33) as well as lower-resolution structures obtained by cryoelectron microscopy (cryo-EM) of mature and immature dengue virus (18, 44, 45) , West Nile virus (29) , and a recombinant subviral particle from TBE virus (7) . The cryo-EM structures demonstrated an icosahedral organization of the viral envelope but did not reveal a well-defined, ordered organization of the nucleocapsid, and no details of C protein-RNA and C protein-envelope proteins interactions are known. Predictions that the flavivirus C protein has a large alpha-helical content (16) were recently confirmed by the structural analysis of the capsid proteins from yellow fever and dengue virus expressed in Escherichia coli (14) . Attempts to generate capsidlike particles (CLPs) in vitro by using these recombinant C proteins have been unsuccessful (14) .
So far, very little information is available on the characteristics of authentic flavivirus capsids and capsid proteins isolated from virions. We therefore conducted a study on the isolation and characterization of the capsid and the capsid protein from purified TBE virions. In this investigation we show that capsids can be isolated from virions under certain conditions, and although they have a very strong tendency to aggregate, the extent to which this occurs is dependent on the detergent used for membrane solubilization. Capsids-also in the form of insoluble precipitates-can be completely disinte-grated into C protein dimers by increasing the salt concentration, suggesting that dimers are the basic building blocks for capsid formation. By using these dimers together with in vitro transcribed viral RNA or single-stranded DNA (ssDNA) oligonucleotides, CLPs could be assembled in vitro.
MATERIALS AND METHODS

Materials.
The following detergents were used for virus solubilization: Triton X-100 (TX-100; Merck); n-octyl-␤-D-glucopyranoside (n-OG; Bachem); n-dodecyl-␤-D-maltoside (DDM; Sigma); and 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-sulfonate (CHAPS; Sigma).
The ⌬NS5 cDNA clone is a derivative of the full-length infectious cDNA clone of TBE virus strain Neudoerfl with a deletion of 495 nucleotides. This deletion removed from the carboxy terminus approximately one fifth of the NS5 protein and essentially the entire variable region of the 3Ј noncoding sequence (16) . RNA transcribed from this clone is, therefore, not infectious.
For the in vitro assembly assay in the presence of ssDNA, we used two different, randomly chosen oligonucleotides: 36-mer (5Ј-ACGTGCTGAGCCT ACTATCCGATGCTGCTCCCTTTT-3Ј) and 46-mer (5Ј-AGTCAGTCAGTC GCGGCCGCTACTATCCGATGCTGCTCCCTTTTTG-3Ј).
Virus growth and purification. TBE virus strain Neudoerfl was grown in primary chicken embryo cells and purified by two cycles of sucrose density centrifugation as described previously (12) .
Detergent treatment of virions. Purified TBE virus at a final protein concentration of 100 g/ml in TAN buffer (0.05 M triethanolamine [pH 8.0], 0.1 M NaCl) was mixed with detergent at the concentrations specified below and incubated for 1 h at 25°C. The following final concentrations were used for the different detergents: TX-100, 0.2%; n-OG, 1.4%; CHAPS, 0.8%; and DDM, 1%. After the 1-h incubation period, soluble and aggregated material was separated by centrifugation for 20 min at 14,000 rpm and 4°C (Eppendorf microcentrifuge). The aggregated material was resuspended in TAN buffer. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (20) , the samples were precipitated by trichloroacetic acid as described previously (37) and redissolved in sample buffer by heating for 5 min at 95°C. Standard proteins (Pharmacia) were used as molecular mass markers, and staining was done with PhastGel Blue R (Pharmacia).
Sedimentation analysis. (i) Sedimentation analysis of detergent-solubilized virus. Virus solubilized with TX-100 (0.2%) was subjected to rate zonal density gradient centrifugation by using 5 to 30% (wt/wt) continuous sucrose gradients made in TAN buffer containing 0.2% TX-100. As a control, untreated virus was applied to the same gradient in the absence of detergent.
(ii) Sedimentation analysis of in vitro-assembled CLPs. The samples of the in vitro assembly reactions were applied to 5 to 30% (wt/wt) continuous sucrose gradients in TAN buffer.
The gradients were centrifuged for 90 min in an SW-40 rotor (Beckman) at 38,000 rpm and 4°C. Fractions were collected by upward displacement with an ISCO model 640 fraction collector. Aliquots of each fraction were precipitated by trichloroacetic acid (37) and analyzed by SDS-PAGE.
(iii) Sedimentation analysis of high-salt treated nucleocapsids. The disintegrated nucleocapsids were applied to a 5 to 30% (wt/wt) continuous sucrose gradient made in 50 mM triethanolamine (pH 8.0) containing 1.5 M NaCl. The gradients were centrifuged for 38 h in an SW-40 rotor (Beckman) at 38,000 rpm and 4°C. The fractions were collected and treated as described above.
Disintegration of aggregated nucleocapsids. Aggregated nucleocapsids obtained by centrifugation of detergent-treated virions were washed with 50 mM triethanolamine (pH 8.0) and resuspended at a protein concentration of 100 g/ml in 50 l of 50 mM triethanolamine (pH 8.0) containing 0, 0.5, 1.0, 1.5, or 2.0 M NaCl. The samples were incubated for 1 h at 25°C, and the soluble material was separated from aggregates by centrifugation for 20 min at 14,000 rpm and 4°C in an Eppendorf microcentrifuge. The material was precipitated with trichloroacetic acid (37) and analyzed by SDS-PAGE.
Size-exclusion chromatography. Aggregated nucleocapsid particles (250 g) obtained by detergent treatment of virions were treated with 500 l of 0.05 M triethanolamine (pH 8.0) containing 1.5 M NaCl, 2% n-OG, and 5 g of RNase A (Sigma) and incubated for 3 h at 4°C. Insoluble material was removed by centrifugation for 20 min (Eppendorf) at 14,000 rpm and 4°C. The clarified sample was loaded onto a Superdex 75 HR 10/30 column (Pharmacia) equilibrated with a buffer consisting of 50 mM triethanolamine (pH 8.0), 1.5 M NaCl, and 0.8% n-OG, which was also used as the running buffer. Fractions containing the C protein were pooled and stored at Ϫ80°C.
Chemical cross-linking. The pooled C protein-containing fractions from the size exclusion chromatography were subjected to a chemical cross-linking reaction with dimethylsuberimidate (DMS; Pierce) as described in detail elsewhere (1) . The cross-linked samples were separated by gel electrophoresis in 5% SDSpolyacrylamide gels by using a continuous phosphate-buffered system as described by Maizel (23) .
In vitro assembly reaction. (i) Viral RNA. A total of 7.5 g of C protein dimers (final concentration, 10 g/ml), purified by size exclusion chromatography, in 0.05 M triethanolamine (pH 8.0) containing 0.15 M NaCl and 0.08% n-OG was mixed with in vitro synthesized RNA from TBE virus cDNA clone ⌬NS5 (see above) at a molar RNA-to-protein ratio of 1:300. In vitro RNA synthesis from the cDNA clone was performed with a commercially available system (Ambion) as described previously (25) .
(ii) ssDNA oligonucleotides. For the assembly reaction with ssDNA oligonucleotides, 22.5 g of C protein dimers (final concentration, 10 g/ml), purified by size exclusion chromatography, in 0.05 M triethanolamine (pH 8.0) containing 0.15 M NaCl and 0.08% n-OG was mixed with a 36-mer random oligonucleotide at a molar DNA-to-protein ratio of 1:1.1.
The samples were incubated at 37°C for 30 min, concentrated fivefold by membrane filtration (Vivascience) according to the manufacturer's instructions, and the formation of CLPs was analyzed by sucrose gradient sedimentation.
Ultrastructural analysis. For negative staining, 200-mesh copper grids, coated with Pioloform film, stabilized by carbon evaporation, and freshly glow discharged, were floated for 2 min, face down, on the surface of approximately 10 l of sample. After a short washing passage on 1 drop of water, the samples were stained on 1 drop of a 1% uranyl acetate solution in water for 2 min. After removal of the excess stain by blotting with filter paper, the grids were air dried (11) . The negatively stained specimens were viewed in a Philips CM12 electron microscope (Eindhoven, The Netherlands), operating at 80 kV. The magnification was calibrated by using negatively stained catalase crystals.
RESULTS
Virus solubilization and isolation of capsids. In order to isolate and characterize nucleocapsids from purified TBE virions, we investigated the suitability of four different detergents for solubilizing the viral membrane. These included TX-100, n-OG, CHAPS, and DDM (see Materials and Methods). The virus preparation (final protein concentration, 100 g/ml) was mixed with the detergents at the indicated concentrations and allowed to stand for 1 h at 25°C. All of the samples were subjected to low-speed centrifugation for the removal of aggregated material, although a visible precipitate was formed only in the case of DDM. Aliquots of the supernatants as well as the pellets were analyzed by SDS-PAGE, and the results are shown in Fig. 1 . With each of the detergents, at least a certain fraction of C protein devoid of envelope proteins was recovered from the pellet obtained by low-speed centrifugation, indicating that the protein was insoluble under these conditions. However, significant quantitative differences were observed between the different detergents. When DDM was used for solubilization, apparently all of the C protein was insoluble (lane 8), whereas an estimated 50, 80, and 70% remained soluble in the presence of TX-100, n-OG, and CHAPS, respectively.
To define the physical state of the nonprecipitated forms of the C protein, the detergent-containing supernatants were subjected to sucrose density gradient ultracentrifugation in the presence of the corresponding detergents. In the case of n-OG and CHAPS (data not shown), the C protein was not detected in any of the gradient fractions. With TX-100, however, the C protein was found to be present in a particulate structure that sedimented to fractions 10 and 11, whereas the solubilized membrane proteins remained at the top of the gradient (Fig.  2A) . Under the same centrifugation conditions but in the ab- sence of detergent, the untreated control virus was recovered in fractions 14 and 15 (Fig. 2B) . EM of the C protein-containing fractions from TX-100-treated samples ( Fig. 2A , fractions 10 and 11) revealed spherical particles with a diameter of approximately 33 nm (Fig. 2C) , whereas untreated whole virions had a diameter of 50 nm (Fig. 2D) . The cross-linking of fractions 10 and 11 of the gradient shown in Fig. 2A with DMS followed by SDS-PAGE yielded a series of oligomeric C protein bands (Fig. 2E) , consistent with the organization of the C protein in a particulate oligomeric complex. These experiments show that distinct nucleocapsids can be isolated from solubilized virions under appropriate conditions. Isolation of a soluble form of the C protein from capsid aggregates. Although the use of DDM for virus solubilization did not allow the isolation of the capsid in a nonaggregated form, the insolubility and precipitation of the capsid under these conditions provided a fast and easy method for its quantitative and clean separation from the envelope proteins (Fig.  1, lanes 7 and 8) . Using these aggregates as starting material, we attempted to generate a soluble form of the C protein by disintegrating the capsids by increasing the salt concentration. For this purpose, the precipitate was washed in TAN buffer and resuspended at a protein concentration of 100 g/ml in 0.05 M triethanolamine (pH 8.0) containing different concentrations of NaCl. After an incubation of 1 h at 25°C, the samples were subjected to low-speed centrifugation for separating soluble from insoluble material, and aliquots of the supernatant and the pellets were analyzed by SDS-PAGE. As shown in Fig. 3 , all of the C protein was recovered from the supernatant at NaCl concentrations of 1.0 M and higher.
The soluble form of the C protein is a dimer. For determining the oligomeric state of the C protein obtained by NaClinduced disintegration of the nucleocapsids, the material was subjected to size exclusion chromatography in the presence of high salt concentrations. Preliminary experiments had shown that in the absence of detergent, all of the C protein was nonspecifically retained on the column. This could be avoided by the use of n-OG, which was chosen because it is also a suitable detergent for crystallographic studies (8) . This detergent was added to the running buffer in all subsequent experiments at a concentration of 0.8%. We also observed that at protein concentrations higher than 200 g/ml, capsid disintegration was incomplete at 1.0 M NaCl. The NaCl concentration was therefore raised to 1.5 M, both in the buffer for capsid disintegration and in the running buffer for column chromatography.
As revealed by the chromatogram shown in Fig. 4 , about 75% of the C protein eluted in a major peak (peak B) at a position which, compared to the positions of standard proteins, would correspond to a molecular mass of 60 kDa. Cross-linking of the peak fractions with DMS and analysis by SDS PAGE, however, yielded almost exclusively C protein monomers and dimers (inset, lane 1), as expected for a dimeric molecule, rather than a ladder of higher oligomeric species (inset, lane 2), as was observed with a control sample of capsids isolated by TX-100 solubilization of the virions that eluted in the void volume (peak A). The dimeric nature of the C protein eluted from the column and the lack of higher oligomeric structures were also confirmed by sedimentation analysis in sucrose gradients. As shown in Fig. 5A , the column-purified material sedimented as two separate peaks. The position of the faster-sedimenting species corresponded to that expected for a C homodimer (ϳ25 kDa), based on a comparison to standard marker proteins. The smaller species sedimented identically to a monomer control made by heat treatment (Fig. 5B) , suggesting that some of the C dimers had fallen apart during storage or centrifugation. Chemical cross-linking with DMS (1) of the eluted material before applying it to the gradient revealed an oligomeric structure that corresponded to the larger C protein oligomer in Fig. 5A . No higher-order oligomers were observed either with or without cross-linking ( Fig. 5A and C) . After weighing all of the data, we conclude that, under these conditions, the C protein is, in fact, a homodimer and that it exhibits an anomalous elution behavior on the size exclusion column, causing molecular mass estimates based on retention volume to be erroneous.
In vitro assembly of capsid-like structures. Using the purified C protein dimer (Fig. 4) and in vitro transcribed viral RNA as well as ssDNA oligonucleotides, we attempted to reconstitute CLPs in vitro under conditions comparable to those that had been applied for the in vitro assembly of alphavirus cores (38, 40) . The conditions of the in vitro assembly reactions are described in detail in Materials and Methods. Particulate structures sedimenting to the same position as authentic cores isolated from virions by TX-100 solubilization (Fig. 6B) were obtained when ssDNA oligonucleotides were included in the assembly reaction (Fig. 6C) , as well as when in vitro transcribed viral RNA was used (Fig. 6D) . In the absence of any nucleic acid, however, no particles were observed (Fig. 6E) . 
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Particulate structures were also obtained with 46-mer ssDNA oligonucleotides (data not shown). In the case of in vitro transcribed viral RNA, a considerable amount of C protein (approximately 64%) was recovered from the top of the gradient, whereas in the case of ssDNA, all of the input material was found to sediment either to a position corresponding to monodisperse capsids (about 70%) or to the bottom of the gradient because of aggregation (about 30%). The apparent lower efficiency of particle formation in the presence of in vitro transcribed viral RNA compared to ssDNA could be due to RNA degradation by residual RNase A from the capsid purification procedure. EM of the structures assembled with in vitro transcribed viral RNA (Fig. 6D, fraction 10 ) revealed spherical particles with an average diameter of 32 nm (Fig. 7 A) . Particles assembled in the presence of ssDNA (Fig. 6C) were heterogeneous in size and shape (Fig. 7B) . Cross-linking of these materials with DMS followed by SDS-PAGE revealed the formation of a series of oligomeric C protein bands (Fig. 7C ) similar to those formed after the cross-linking of capsids isolated from virions (Fig. 2E) . The formation of higher oligomeric complexes did not occur in the absence of nucleic acid (Fig. 7D) .
DISCUSSION
Recent structure determinations of mature and immature virions by cryo-EM and three-dimensional image reconstructions have revealed that flaviviruses possess an icosahedral envelope organization and contain a spherical nucleocapsid core with an outer radius of 15 nm (18, 29, 44, 45) . The core is separated from the membrane by a gap of about 3 nm. With respect to their overall particle organization, flaviviruses thus exhibit several similarities with alphaviruses. However, in contrast to the alphaviruses, no evidence for icosahedral symmetry in the flavivirus capsid has been obtained so far.
Our attempts to isolate nucleocapsids from purified TBE virions in a monodisperse form after solubilization of the membrane with different detergents were unsuccessful with most of the detergents tested. Even in the presence of detergent, the viral capsids had a strong tendency to aggregate, and only when TX-100 was used, were about 50% of the particles shown to sediment in a monomeric nonaggregated form. The apparent hydrophobicity of the capsids is likely to be due to the surface exposure of specific sequence elements that have been implicated in hydrophobic interactions of the capsid protein with FIG. 5 . Sedimentation analysis of soluble C protein obtained by high-salt treatment of nucleocapsid aggregates in sucrose gradients (5 to 30%, wt/wt) containing 1.5 M NaCl. The sedimentation direction is from left to right. Proteins in each fraction were analyzed by SDS-PAGE and PhastGel Blue R staining. (A) Aliquot of the pooled peak fraction from the size exclusion column (Fig. 4). (B) Aliquot of the pooled peak fraction from the size exclusion column (Fig. 4) treated at 95°C for 5 min before loading onto the gradient. (C) Aliquot of the pooled peak fractions from the size exclusion column (Fig. 4) the membrane of the endoplasmic reticulum in the course of the intracellular assembly process (16, 17, 26) . These structures could correspond to the density found in image reconstructions of immature virions (i.e., the primary product of virus assembly) that extends from the core and contacts the inner layer of the membrane (45) . The observed hydrophobicity appears to be a significant feature that distinguishes the nucleocapsids of flaviviruses from those of alphaviruses, which can be easily isolated and purified in monodisperse form by membrane solubilization (3) .
Although the tendency of TBE virus nucleocapsids to aggregate first appeared to be an experimental drawback, it turned out to form the basis for an easy method to separate the capsid from the envelope proteins. Disintegration of these aggregated capsids into a dimeric C protein subunit was achieved by increasing the concentration of NaCl, consistent with the assumption that flavivirus capsids are primarily stabilized by ionic interactions. Jones et al. (14) have recently characterized the C proteins of dengue and yellow fever viruses that were expressed as recombinant proteins in E. coli. Using cross-linking, analytical ultracentrifugation, and nuclear magnetic resonance studies, they provided evidence that at moderate concentrations these recombinant C proteins exist predominantly in a dimeric state. This finding is consistent with the assumption that the basic protein building block for the formation of flavivirus capsids is a C protein dimer. Both the cross-linking and sedimentation data in this study provide strong evidence that the C protein species isolated from native TBE virions is also a dimer in solution. However, size estimation by sizeexclusion chromatography resulted in an apparent molecular mass corresponding to a hexameric or pentameric state. This inconsistent result is possibly explainable by interactions of the C protein with detergent micelles in the high-salt running buffer. The formation of a protein-micelle complex would, therefore, mimic a higher oligomeric state of the protein, resulting in an anomalous elution volume. The existence of unstable higher oligomers at that stage of the purification procedure is also conceivable, although unlikely.
It was previously hypothesized that interactions between alpha helices in the flavivirus C protein subunits could be responsible for oligomerization (16) , as has been shown for the alpha-helical class of C proteins found in hepadnavirus and retroviruses (28, 42) . This hypothesis was indeed confirmed recently by the elucidation by nuclear magnetic resonance study of the structure of the recombinant dengue virus C protein (22a) . Also in the case of alphavirus cores, a C protein dimer containing one monomer from each of two adjacent capsomers is believed to be the initial intermediate in the nucleocapsid assembly mechanism (39) . In contrast to flaviviruses, however, the alphavirus C protein is monomeric in solution, and dimerization depends on the interaction with nucleic acid (39) .
The in vitro assembly of alphavirus core-like particles has been shown both with C proteins isolated from virions as well as with recombinant proteins in combination with different single-stranded nucleic acids and even with nonnucleic acid polyanionic substances (38, 40) . Similar attempts at in vitro assembly of flavivirus CLPs by using C proteins from dengue and yellow fever virus expressed in E. coli have proven unsuccessful so far (14) . However, using a dimeric C protein isolated from TBE virions and in vitro transcribed viral RNA as well as ssDNA oligonucleotides, we were able to assemble particulate structures in vitro that exhibited a sedimentation behavior in sucrose gradients similar to that of capsids isolated from virions. At present, it is not clear whether the different results obtained relate to intrinsic differences between the TBE, the dengue, and yellow fever C proteins, the source of the proteins (recombinant versus isolated from virions), or details of the experimental procedures used. In contrast to alphaviruses, in which the icosahedral arrangement of the viral envelope proteins is coordinated with that of the internal core structure (4, 24) , the flavivirus core appears to be partially disordered and, unlike the viral envelope, does not exhibit an icosahedral symmetry (18, 29, 44, 45) . The absence of a distinct capsid protein density together with the unusually low nucleocapsid density in cryo-EM reconstructions of immature virions have led to the speculation that the size of the assembled virus might be determined by the size of the genomic RNA (45). As we have shown, CLPs with similar sedimentation behavior could be generated not only with in vitro transcribed viral RNA but also with short ssDNA oligonucleotides. The latter, however, appeared to be less well defined and less homogeneous. Despite the demonstration of in vitro CLP formation with C protein dimers and nucleic acids only, it has to be kept in mind that flavivirus assembly in vivo does not proceed via preformed capsids and arrays of envelope proteins at the site of maturation, as is the case with alphaviruses, but apparently instead as a complex process involving membrane-associated precursor proteins and finely tuned proteolytic cleavage events (21) .
